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Final Technical Reportj
Contract ¥ DAAHOY-71-C-1476

November 20, 1972

The following report is a summary of work performed under the
above cuntract relating to means of obtaining highsr power output from
(3‘:}z lasers,

A Doppler Broadening

In an effort to study the effect of higher order transverse and
longitudinal mode excitation on single mode power output from a (362)z
laser, Lax, Louisell and McKnightm [LLM] have shown that for a
homogeneously broadened laser the fundamental mode, through non-
linearities, will excite higher order modes. | This means that atoms
which would normally supply energy to the fondamental mode are
wasted. Jt was therefore thought to be of interest to study the effect
of Doppler broadsning to sce if the molecular motion could aid in
suprpressing highker order modes.

The problem: of solving the coupled equations of motion for the
atomic iaversion, atomic polarization, and the amplitudes of the
various excited transverse modes for atoms having a Maxwell-Boltzman
velocity distribution is very difficult. The usunal technique of Fourier .
analyzing the variables in time harmonizs works if the atoms are
eithar 1) motioniess, or 2) moving through a spatially harraonic field

{i.e., moving in the z direciion through purely longitudinal modes).

The techrigue does not work for atoms moving through ihe Hermite~

Gausaian fields of the wh trandveree modes 9f spherical resonators.
L e e
Rppre 3t o T
O R Ja——
(1) M. Lax, W.H. lauvisell and W,3. McKnight, Jour, App. Phys.,
4% 3136 (1PTZ) e , y
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The lasers of interest at Redstone Arsenal, however, are of
fairly high pressure and it is easy to show that for pressures on the
crder of 70 torr (1(:5 dynes/cml). the mean free path for ary molecule
is small compared to the wavelength of the laser radiation (10.6u).

The mean free path 12
1

where © o ﬂdd is the crocs section for scattering. At room tempera-

L=

ture and 76 lorr, we have

-16

(1.4 x 10 )'3x10)
-8.2

ﬁxlosxﬂx(leo )

L= =_-Z.4x1()'4 cm

The wavelength of the laser radiation is

A= 10.6p =10 x 10" %cm
Therefore, at a pressure of 76 torr, the GO2 molecules cannot move
more than a wavelengih before a phase-interrupting collision occurs.
Henze, we may use the theory of Lax, Louisell and McLright for
homogeneously broadened lasers for those CO2 lasers of in.zrest

at Redstone Arsenal sinze Doppler broadening will not assist in getting

higher power output by supplying additional aroms to the fundawental

T

AR

mode region.

The homogeneous theory of LI M gave a criterion for suppressing
y P 2

T CTAMER ™ SR

higher order transverse modes. It showed that large fundamental
mode volumes are desirable, Siegmar and coworkers have been
studying diverging mirrors to achieve this goal. However, these lead
to undesirably laree diffraction losses. As a compromise, we have
studied mirrors which have diverging spherical mirrors in the central
region of the team surrounded by converging spherical mirrors. We
expected that the fundamental mode volume would be increased by the

diverging central part of the nirrois while the diffraction losses

- 3
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would ve reduced by the converging rims o the mirrors. The
following section gives t.. .osults of ‘“rz~ studies,

B. Rcsonaor Problem

The work on the resorator preblem is now complete and the
results may be fcund in the enclosed paper. The paper will be
sumbitted shortly for publication., A calk was presented at the
Intcrnational! Quantum Electronics Mecting in Montreal in May. The
computer prograra now works well and a copy of the grogram has
been sent to Dr. W. McKnight at Redstone Arseral for any further
geomciries that need be studied. Dr. McKnight i8 in the process of
checking the theory experimentally.

C. Two Mode Problem

To ottain a feel for hovr the power output of a multimode laser
migh: compare to that of a single mode laser, we have aitenipted a
study of a two mode laser. (Both modes are transverse maodes.} We
have been rathe: busy preparing ihe resonator paper for publication
so that not too much progress has becn made cn the two mcde problem.
We have, however, been able to derive the ccupled equations of moticn
for the ampiitudes of the two modes, but we have essentially been
limited by the complexitly of the integrals cktained.

¥or the analysis of the twe mode prublem, we have procecded
along the lines of ihe {LLM) paper, only we have included two modes
rather tha~ one. Wo begin with their couplcd equations of motion for
the amplitude cf any mode § and the inversion in the laser medium,

D
L s et b = UGN~ D )
¢ et B A A | m' Y Ym©e
Mnn‘ P(_d‘zl 1\4

reo 4




D= D, -7 [ULu —2m vt '+cc.]L

M W m, m n )m p(dt} M

Y, and U y are the amplitude, cold cavity resonant

2)
Here, b;‘,’ w,,
frcquency, loss due to diffraction and other loss mechanisms, and
spatial distribution of the transverse mode L, respectively, and
each modc has taken on a factor i, the atomic dipcle moment, for
simplicity. DM ig the time and space dependent atomic inversion in
tk cavily and Dw is the steady state, space indepenrdent inversion in

the absence of any field. The cperators,

dt/ (ld 1)\ +I‘2)

Zd-t+1‘1 +1‘

(37

and

d
P\dt}‘- I‘+1w+dt

operate on all variables te their right. The original equations included
another cquation for the polarization in the medium, and the operators
(3) appear in (1) and (2) becaure the polarization has heen eliminated
from the equations, In (3), 1'l and I"z are the decay constants for tie
upper and lower atonic or molecular states a and b in Figure } w,
is the resonant frequency and T is the decay constant for the polariza-
tioni. In (1) and (2). the sums m and n are over ail oscillating modes
and the svm M is over all the atoms or molccules in the cavity and

i will uvltimately be replaced by a volume integral.

We make the subatitutions (4) inte (1) and (2),

b"e -ivl.t

-

= e (4)
M ¢ 8
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where vy is now some frequency other than the cold cavity frequency

of mode £, and b’.‘ its slowiy varying mode amplitude, Hcre, A = %=V
and 'Dhg dcpends only on position. In che equations resulting frown

substitution of (4) into (1) and (2), wec match time harmonics and obtain
the equations of motion for the amplitixdes of th'e two oscillating modes

and the amplitudes of the harmonics of the inversion, (all other modes

kave zero umplitude. )

\( )
b 5 1 - )} . 12 M % M .
by + iy - = 1% = P[-i\'-']'] fd[ |UI| byD' o+ U, U b0 (5
;-:'. + H i[.\ - 12:] I\ = e 1 - !’ iU lz b Dld + U),' i b DI"I

M M (1.2 2 . 20 2
U = Dy-D ““1'! I i A6 + U, [ lb, | Azz(6)|
oM wrunteorL) - o w0 ubte A 7
1 (UypUpbybyAn) - D (U, Upby by Ay

M M. 2L 2 20 2
by = - “"1‘ Iy (A + 10 i, By

M s b M _ % _+
D5 U Gy by ALY - D (U, Uph,biA ) (8)

M M, 24 2 2, 2.
D) = =D G Py Ay + 10, 17Ie, 174, )

-1

oM W uyb e a0 - OM, Uy U 9)

where l\ij(?a) = r‘?il'é-b) [/p(ilas - iv) ¥ ﬁ"(ibai iv ) ] a0
and I Y m

Tne set (7) - {9) may be solved by perturbation theory assuming,

M M M
Dw) Do > D-Ll> D:t 2, etc.

and w~ obtain, D
W

(12)

2

M .
- v TR )
Do = 1 JuyPln Ao + 1y fib, I a0

F/, 6

(6)
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[+ !Ul‘zlbﬂ Ay (0) \t,zt_z\r,zl :\,zz(n)][n\ul]ﬂbli_znn(lmuziz]bzl’ A, (3]
13)

M -D Ul Uzb bz I‘ul -1)

1)- = 2 'Z, Z z 2 2
P pety P oy Pagortu, P, 00 Dty by oy -1 0, Plo, Prgy -0l

| Then {13) in (5) yiclds,
4 T

- & Vbt Y B0 T T TPy T tee 1270 12 2 .

; | (-1v) \1 + lu, i f,bll Ay, (0) + !UZF|h2| A (0
L}
& | 2, ‘n_u, i fu, Ay \ }

i p( < 3 2. 2 2 .

5 (140 m!t,ll ib, l «nmuuz! |bzl Ayx 03] [14{T, 17 f\"(l)flu " by 185, 00i)
:
L , (15)

I ¥or the amrlit.:de of mode ! and we obtain a similar expression fecr the

» amplitude of mode 2 by subsritution of (12) into (6). ( )means average cver

; he entire laser volume., The steady state nmmber of photons in mode 1

ic then given by

. Ty Z
7 B lepant vI
e \hlu1 o, 174,309 +1u, P o, 0, 0)
!b I v, 1“1 ‘Jl b (1)
-1 & V3 PATRY 2 2 -

- p\ V! {l+|Uli by I Au(O)1|U §b2\ Ayp (0] 3440 P o, P v, |v, 174,
; (26}
3 ~ith a similar enpression for the steady state number of phofons in mode

2. Sumilar expressions to {15) and (16 ;n:l‘y be written for the frequencies
o two modes, oxrept that they involve *he imaginary part of the same
»xpression.

in nrdrr to compave the stecady state number of photonz in the

two imodes, it will he necessary to evaluate the spatial irtegrations

ver the modes Uy and U, as denoled by the brackeis ¢ )  Thi: 1s

oo 7
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where we ran into insurn-nountable diff -ultics in evalunating th.e
complicatcd expressions. Some rcmarks about the “results™ (15) and
{16) are in order however.

Hhu !‘bliz and !bz |2 are ta}éen to be approximately constant, and the

spatial integrations in (15) taken tc be a constani, then {15) reduces fo,

. 1,

b, + (A-5— + 1Al) ol=0 17)
where *he definition of A. is obvious but complicated. Equation (i7) has
the solution,

¥ .
bl'—'bo exp |{(ReA - '-2—)t + i(bl+ Im A)i . {18}

Nows, b1 will be gtable (i.e. not grow or decay exponentially} if,

Yi
—2— = RCA

This little argument is evidenily the sovrce of (16) >+ uses the
reasoning of (LLM).

2) The saturation tzrins come in as expeéted. In (L-LM), for a single

modc,
Ao L
!4 5|b1!_2
and here we have,
_‘.} a j;:\. iterm like - e:bllz ) y!bz!T (a)
. ;r;:_:hcr termn t‘-’ , ,‘Z

. {b)
. AT ¥ 2 .
[1*"\11‘ Ibl‘ Anw)"‘uz‘ |b2; Azz(u’]'

{

ne b P, P, msiu, Fls, 1205, 00)

reo s
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Term a) is like a total saturation term and (b) is like a cross

saturation term for the effect of mode 2 on mode 1.

3) it seams strange to us that the steady state number of photons in

mode 1 is defined in terms of the intensities h’l ‘2 and |bzl2 of hoth

modes.

F-° g9




Fig, 1, Simple Laser Atomic or Molecular Madel
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TRANSVERSE MODE SUPPRESSION USING
RIMMED UNSTABLE RESONATORS
by
M. Lax

City College of New York
New York, New York 10031

C. E, Greninger and W. H, Louisell
Departments of Physaice and Electrical Engineering
University of Southern California

Los Angeles, California 90007

and

W. B. McKnight
U.S. Army Missile Command
Redstone Arsenal, Alabama 35809

ABSTRACT

We show that the criterion for single transverse mode laser
operation can be reduced to the criterion that the intensity of the fun-
damental mode be greater than some constant in the entire laser
volume. We aigo obtain amglitude and phase distributions for low loss,
edge rimired unstable resonators for Fresnel number up to eight.

The resonators with the most uniform amplitude distributions are

the most likely to supprese higher order tranaverse modos.

Fro1z




TRANSVERSE MOUE SUPPRESSION USING
RIMMED UNSTA BLE RESONATORS

1. Introduction

There has been much interest in obtaining a high-power, high
Fresnel number laser that will operate in the single lowest order transverse
mode. In general, lasers will operate in numerous transverse modes
simultaneously, or they will oscillate in a Ligh order transverse maode,
There have been a number of attempts to force the laser to oscillate in the
lowest transverse tmode. Bir':.l'z1 and Skinner and Geusicz have suggested
the cats-eye-pinhole arrangement that spreads out the volume of the junda-
mental mode. In this way, the fundamental mode saturates out more of ihe
atomns so ‘hai few atoms remain to excite the higher order modes. At high
powers, however, it hac been found that it is easy to destroy the pinhole.z
It iz therefore preferable to use no intra-cavity optics or apertures.

Siegroan and Arz-athocm3 have studied wnstable resonators in an
atternpt to 2pread out the mode volume of the fundamental mode and thu.
"discriminate' against higher transverse modes. The discrimination is
based on the relative losses of the varicus modes and Siegman found the
diffraction losses of even the fundamental mode to be quite high. Hence,
1t ic possible to operate in a single transverse mode if high diffracticn
lonses and high beam divergence can tie tolerated.

Recently, Lax, Louisell, and Mc!(night4 (L LM)‘(have written down
the coupled equations of motion for the mode amplitudes of a laser osciliating

in » number of iia- avnre. - dag and they have found a criterion for any

- 13
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-bigher order mode either to be quenched or driven into dscil!atia; tya . —
single strongly osciilating lowest order mc:de. They have mla;ted this
criterion for a confocal resonator and fouad lhat ramerous higher modes
wonid be driven into oscillation by the single Jowest order pnc;de.

In this paper, we show that the (LLM) criterion for the oscillation
of only the fundamental mode may be reduced to the single criterion that
the intensity distribution of the fundamental mode be greatetr than some
constant over the entire laser .volune. We then ilgvestig;t_e che mode

structure of unstable reconators with rims in order &t we might obtain the

low diffraction loss mode distribution that best s.tisfies this criterion. at

leazt cn the mirror sarfaces. The unstable part of the rzsonator s-pruds
out the mode volume, while the rims help fc keep the energy from spilling
out of {he resonator. | |

It is found that by varying the 1;e-onator cenfiguration one can find
favorzble intensity distribations at fzirly low logs for Fresnel numbers frorcs 2
to 8.6. It i3 also found that unless one is rather careful, he can:'e'aaily
force inierior zeros in the intensity distribution across the mirrors. The
appearaice of zeros in the mirror intensity distribution becomes more

sensitive to changes in mirror configuration at higher Fresnel number.

I1. Special Case of (LLM) and ths Rimmed Unstable Rasonator_a_s

The analysis of (LLM) shows that a single oscillating fundamental

mode will quench any other transve. e tauvi: if thz quotient Q satisfies

¢« v 14

Ny 2%
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(A=
E__xm ?

Y, &|z >

Q = 1, L))

where Yo Y, and ) are the losses and spatial distributions of the
—:troagly oscillating fundamental mode E and any other higher order mode £,

respectively. D' is the pump distribution 2nd

¢ K@) = 1 +s!unlz

where S is a saturation factor that depends on the inteasity of mode E and

how ciose its frequency is to atomic resomance

zuzr lb
r{o) [ )"z+ (\E-O ) )

Hereo, u is.the atomic dipole moment, bE is the amplitude of mode E and
vg is its frequency, -o is the atomic resonance frequency and r{o) is 2
comnbinatien of atomic decay constants. < > means integration over the
volame of the aciive medium. (LIM) have evalaated (1} for a confocal
reconalor and have found that raode E would canse namerons highcr order
t'ranaverse mcdes to break into oscillation.

Wi!:hout specifying the functional dependences of up and u . onr, it

;s possible to reduce (1) to a simple expression. If M = max IuElz and

) 2
C =mia IuL| , then (1) becomes

15
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Q< -4"‘ +scz) l*suz < 1, 2)
w' £ !nsl 1 +8C)
14+ SM)

vhere we har> taken 'Ez Y, and D_ to be independent of position. Now,

2) will be satisfied if
. 2
C = mmln l > some conatant 3)
E

over the entire laser volume.

Eguation {3) is a gaantitative statement of the notion that oue maust
spread cat the mode volume of the single oscillating fundamental mode in
orGer that it saturate the whole laser mediom and leave ro gain for the other
modes.

In order to satisiy the criterion (3), at least over the mirrers, and also
keep ihe diffr:cltion losses to a minimum, we have investigated numerically
the ecigepvalues and zigenmodes of the type of resonator showa in Figure 1.
“he cmplitude distribution that best satisfies (3) and keeps the diffraction
1oeses to a vrinimu.n will be the one that is most uniform across most of the

mirro:r and trew falls vapidly to zero near the mirror edge.

Iil, Integral Fquations

The rcaonator in Figurc 1 is equivalent to an infinite lens system, a
part of vhich is shown in Figure 2. The complex amplitede disiribations
n ¢ 1) are defined in the plane immediately preceeding each lens, The

dictribeticr ia front of lens n4l] that arises from the distribuwtion in "rent of

16
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lens n, in the case where 4 >> !rl, is,s

- i ~, . ikp{r,¥).2
‘nﬂ(t) = ‘{EI",‘( '} exkp(r )d P,

{43

wlere ithe integration is over the surface preceding lens n. We make use
of tke ‘olluwning to reduce (4) to specific form:
1} The phase« shift suffered by any ray in traversing the distance &, in a

cylindricaliy symetric svstem, in the Fresnel apprcximation, is

i:p,r(;,; } = J;Z_'_ (r'cos &'~ rcos ‘)zl' (r sing’ - rsin&)z

2 -2 s L]
~ kd[l+r+r -Zrz cos(‘-{)}. {5)
2d

Z} Tle phase shift associated with traversiag lens n is,

2
' kr'
kp {r') = — rr<r
L s - 0
b
{6)
(2
ke {r') = k(d L2 >
1. b ) -0
where ¢ must be adjusted so that
! r2 2
; 5 . .. .o a_rz[l?l
; B e e : 5T ]
; b b G b b’
i
37 Toform an integral cquation, we let U () = Yun(;) where vy is a

complex number that absorbs all uni-modual phase factors like e‘kd and i.

S,
11

-5.



vy is relzted *c the diffraction 10oss of the lens system per lens traus:i,
L = l - iv!zo

4) We stisclate that we are only interested in modes that are indzperdent of
&. This permits vs to do the §* integrztion with the usuzal Besse! function as
the result.

Equaiion (1) becomes the integral equation,

L Je = s as2apone?] L
vo(rt = ;l- : ulr')e (-. )r ar’
e o\ d
7}
ing 2 21
s & ikd frl ulr’) e;dLr HO -z J"’ ,'5 rr' )x* dr*
d = ‘!r Yo\. @ )
o

wnere 50 is the zeroth order Besse!l function. For convenience we reduce
- _ )< o _ T .
(7} t- corm=zlized form. Letting x = ol we obtain,

1

. 2 w2

y
° @)
zmnc(% --,g,-) inN1 T;. +(1 ~2d\;25 )
+ e ~ ! uly)J (2nN1lxy)e ydyj s
r —3 !:2 rz
vhere 3 - 2= /-_’}‘_:_, and NO = ~> and NI = -—]- are the Fresnel
" ‘vl 1 Ad 2 d

numnyerss o1 the irner and cuter mirrores, respectively.

In terms of kernels, (8) is £ 18
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q | |
yulxy = j' K, x,y) u(y)dy *‘f K,_(x.v) uly) dy 9
¢ q
where
Nl [xz+(l + i-?-)yzl
I(lfx.y) = Zl!l\‘l.lo(?.ﬂ}%lxy)e b d

19}

iem[xz+ (-85
ZanJo(Zanxy} e y

A
®
-
.

L]

IV. Metrcd of Solction

V/e =oive the integral equation {9} by approximrating the integrals on
the right Land side of the equation by Legrendre-Gauss qmadrature. 8 Trere,
we represant the first integral by a2 sum of M terms and the szcond integral
by a sum: Gf N termas. In erde:s to use this type of quadrature, we must
transferm the ranges of integraticn of botk irfegrals to (-1,1). The details
are rather tedicus and will uot be presented here. The integral equation

9) is thereby rcoiaced by the set of algebraic equations,

a N
wi,) = L K {x,x)}B. ulx}+ 2, K {x,x.)B, uix. (11
yuix,) et 1(11):(3} i z.(z,’,(;,) {11}

vherc u(::j ; .5 the complex amplitude at unequally spaced mirror positions

::j. The xj are reieted to the zeros of the Legendre polynomials PM{x) and
2

PN(x';, and B, arc rabulated weight functions. = Equation (11) is eguivalent

1o the matrix eguation, 19

-7-
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Ku = va,

where K is ac @4 23) x (MIN) complex matrix »hose clements ase

Kl‘xi' :j) Bj for j< M

Kz(xi,xj) Bj for j > M

and the vector a is the complex amplitude evalaated at the various xj. The
malrix elemsents arc casiiy generated on camputer and we then use the IBM
SHABE 5 :broutine ALLMAT to fird the eigenvalues and right eigeuvecioss
of the matrix ;':.8 The right eigeavectors 2re then ti:z vigenmodes of the
cavity.

£3 2 check o the mathematical formuiaticn and the computer
prograr:, we have plotted the results of the speciai cases of plane rarallel
@/ = a/b’ = 0) and confocal (d/b = 1, &d/b* = -1) resonators and comparzd
then: with the results of the wave launching method of Fox arnd Li in
Figure 3. 7 Evidenily, the agreement with the old results is quite good

and me ma ; beiisve the results for all reasonable vaiues of d/b 2nd d/b’.

Y. FEKesuits aud Discussion

Having convirzed curselves that the comnputer prog-am works for
- . 2z : . L - - 2 e
widely vasried d'b and d/b', we can now proceed to investigate the behavior

cf the rirror amplitede distributicas as a function of 4/b and d/b'. In

————

i figase 3 we hase shown only the ampiitude distributions, but the phase
aistributions compare equally weil,

8- <1)

it
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order to zet some qualitative feel for how we expect the distributions to
sizpend on the paraicelers, it is cecessary to solve (8) in some approximate
sense. Unfortu=ately, not only is the integral eguation (8} composed of iwo
parts, the parts are ason-hermitian, non-symetric and non-degenerats.
Fortherxsoce, since we are icterested in large as weil as small Fresrel
rombers, it is pe:ntless !5 expard Joﬂnxlxy) in a power series in i‘s
arguent (the vsuval trick for oblaining a degenerat: ke*uel;!o We have
speat considerable tmie tryving to cbin any kind of appreximate anatytical
sclution te (8} and hiive been unsuccessful. Therefore, 2ny qualitative feel
foc aon the distriboiions will depend o the parameters is compleiely
niscing and we zausi proceed on a trial and error basis. Hence, it wiil be
rathe~ Giffi-olt o expluiz a logical prog"essmr. to the desired resvits, and

we wiil only ce z2Ele to indicate how we obtained the results and hope to

chow :heir agparent importance. We begin with iow Freszcl number.

A. low Fresnel Numner

Iz Tigure 4 we snew 2 series of mirror amplitede distributions fo-

L

=Y = Z and 20 = .25, (The intersection of the interior and exterior mirrers
is indicated by the hack marks on the abscissas on all of the remaining
{iguces, The ciffraction lovs of the iowest loss mode is 1 and that of the
aext inwest loss n-ode 18 occasicnally listed in parenthesis.} Thie resonator
iz defipitely of corforil-type with an interior spkerical hump. We held the
"confocal pararceter™ 4/b constant at . £ and steadily increase d/b* ¢to force

more of tho energy to the ontside of the reconator. The procedure seems

to be wacking relatively well until an interior zero in the arnplitnde distcibution

-G 24
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begins to form and a: /b' = 4. the distribution becomes quite uracceptable.
To remedy ihis situation, we went to the unstable-type recorator

with rims skowa in Iigare 5 for N1 = 2., NC = 1.5, Here, the first attempt

yielded an acceptable solution but the diffraction loss was rather bigi; 5%/

gass). Thereiore, we increased d/b {mzde the rims more carved} to try

te decrsase the diffractien lcss. Atd/b = .4, d/b' = .1 we find a rathexr
g ac=eptable solution with a loss of 17% per pass. It ie inieresting to rote
that tue amplitude ripples are of higher frequency and of lower amplitude
for NO = N1 (vnstable with riras} ané of lower frequency and higher ampli-
tude ior NO << N1 (confocal with interior bumps). The unstable with rims
are therefore of morxe interest to us because large amplitude variations
across the mirror will undoubtcdly cause zeros and the distribation will rot
catisfy th2 basic criterion (3). On the other hand, rapid amglitude varixtions
~- arg accepiable, providad they are of low mcedalation.

The phase distributions in either case did not change appreciably
fvcm Tun to run so we have plotted only a typical phase distributica in the
lower right hand coruers of Figures 4 and 5. Neither phase distribution

e varies surreciably over the entire mirror surface, but we do note that the

4 ~
T phose sar.wes mere rapidly nexr the origin for N@ = WI.

B. Mediur Fresnel Nwrber

We found similar l-ehavier for N1 = 4. as for N1 = 2. Namely, it

was eas;er to find accep'abie distributions for NO =z N1, shown in the left

Salt ey

colurna of Tigure 7, rather than for N0 << N1, shown in Figure 6. We

Iy M

also found thai for NG ard N1 integer, the amplitude distribution covld

: . <
-10-
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kave rathcr abrupt changes for small chaunges in d/b or d/b'. We feel that
tuis high ccnsitivity to d/b 2nd 4/b’ is probably due to the fact that for small

4/t the exponentials

eiﬂNl(l + bﬁ,)yz

2nd ¢ N\ 2
ele 1_3-)’

iz ke ker:eis in equation (8) oscillate over very nearly an integral nuwmber
of half cycles over the ranges (0,q) and {(g,1). We therefore felt that we
would have ixore success for NO and N1 not integers and this is borne out
by thie aisiribaiions ehown in the right hand column of Figure 7. We feel
that the sccond distribution in this column 11l be successful in suppressing
higher order transverse modes at this Fresnel number. Note that the

diffraction lcss is only 4, 5% per pass.

C. Higher Fresnel Number

In Figure 8 we have plotted the amplitude distributions for rather
high Fresnel number, and we feel that the distributien at the bottom of the
left colurn will be successful in suppressing higher order modes, Ifere,
the distributions become very sensitive tc changes in d/b and d/b' and for
typicui izsers a favorable distribution would probably require that the
mirrcrs have radii of curvatures in the hundreds of meters, We feel,
hewever. that providad the mirror is spherical to 1/20 :}.‘. of a wave, that
tae distribution wiil be approximately the same even for large tolerarces

23

on the radivs {{.e., 100 or 450 meters).
11~
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VI. Conclusions

Alihough the unstable resonators of Siegman and Arrathoon can be
shcewn to have high discrimination against higher order transverse modes,
this discrimination does not guarantee suppression of these higher mades.
Indeed, as shown in {1L.1LM), if the gain for a particular mode, caused by
the presence of a strongly oscillating fundamental mode, exceeds the loss,
the higher mcde will break into oscillation, independent of the relative losses
of the two modes. The avalysie of (LLM), has provided us with a criterion
for the suppression of any higher order mode by the fundamental maode, all
gains inciuded.

In this paper, we have (1) shown ihat this criterion can be reduced to
a quantitative statement of the notion that one needs to spread out the mode
volume of the fundamental mode in order to suppress higher ocder modes,
and (2} solved numerically for the low diffraction loss eigenmodes of
rim:ned unstable resonators in order that we rnight find the mode

amplitude distributions that best satisfy this criterion over the mirror

surfaces, y 24
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FIGURE CAPTIONS

Figure i Unstable resonator with rims
Figure 2 Lens sysiem that is equivalent to 7 esonator shown in
Figure 1
Figure 3 Comparison withk Fox and Li wave laanching method for plane
paraliel and confocal resonators.,
Fox and 1i

xxxxxxxxx Ours

Figure 4 Mirror amplitude and phase distributions for varicus d/b,
d/b' 2t low Fresnel number. Confocal-type with interior
spherical hump.

Figure 5 Mirror amplitude and phase distributions for various d/b
and d/b' at low Fresanel number. Unstzable with rims,

Figurc & Mirror amplitude and phase disirinutions at medium Fresnel
number. Confocal with interior spherical humps.

Figure 7 Amplitude distributions at medium Fresnel number for integer
aund non-integer Fresnel numbers. Unstable resonator with
rims.

Figure 8 Ifigh Fresnel number amplitude and phase distributions,

Unstable with rims.
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